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Abstract 
The existing work is focused on the numerical modelling of mixed convection of Cu-water nanofluid in a square enclosure filled 
with non-darcian fluid saturated porous medium. The enclosure object has cooled vertical walls and insulated horizontal walls. 
Finite volume method has been employed to solve the generalised Darcy-Brinkmann Forchheimer extended momentum and 
energy equations. The parametric study has been taken out for wide ranges of Richardson number, Darcy number and solid 
volume fraction. The performance of nanofluid is tested inside an enclosure by using solid volume fraction and compared with 
respect to base fluid (water). A fair degree of precision can be found between the present and previously published work. The 
results are presented in the form of streamlines, isotherms, average nusselt number and velocity graphs; it clearly explained the 
influence of flow governing parameters on heat transfer rate and fluid flow within the enclosure.    
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1. Introduction 
Nanofluids paying great attention as a new production of heat transfer in appliances demands rapid and effective 
heat transfer due to substances with sizes of nanoparticles acquire exclusive physical and chemical possessions in 
industrial applications. Choi [1] found an ingenious way to enhance the heat transfer by utilizing nano-particles in  
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Nomenclature 
Cp Specific heat (J/Kg.K)    Greek symbols        
Da          Darcy number      
g  Gravitational acceleration (m/s2)   α Thermal diffusivity (m2/s) 
Gr Grashof number     E Coefficient of thermal expansion (1/K) 
H Height of the enclosure (m)   H Porosity 
k Thermal conductivity (W/m.k)   P Dynamic viscosity (Ns/m2) 
K            Permeability of the porous medium (m2)  Q Kinematic viscosity (m2/s) 
L Width of the enclosure (m)   T Temperature (K) 
Nu          Local Nusselt number    U Density (Kg/m3) 
Nu Average Nusselt number    W Dimensionless time  
P Pressure      \ Stream function 
Pr           Prandtl number 
Re          Reynolds number     Subscripts 
Ri Richardson number     
T Dimensionless temperature   c Cold wall 
U0 Lid velocity (m/s)    f Basefluid 
u,v         Velocity components (m/s)   h Hot wall 
U,V Dimensionless velocity components  nf Nanofluid 
x,y         Cartesian coordinates (m)    0 Reference state 
X,Y Dimensionless Cartesian coordinates  p Solid particle 
 
 
low thermal conductivity base fluids like water, propylene glycol. Basak and Chamkha [2], Farhad Talebi et al [3] 
and Hasan et al [4] are analyzed the square enclosure using nanofluid in natural and mixed convection heat transfer 
respectively. The influence of nanofluid in porous enclosure is analysed by Nguyen et al [5] and they established that 
the accumulation of nanoparticles in the porous medium results superior average Nusselt number, also it diminishes 
with augmenting solid volume fraction in Darcy ﬂow regime. Investigations in mixed convection through more than 
one moving wall by means of nanofluids is done by Chamkha and Abu-nada [6] and they found the consequence 
enhancement of heat transfer is achieved for the occurrence of nanoparticles. From the review of the above 
literatures shows that the much work has been done, but the present configuration model is have not been 
investigated by using nanofluids in porous medium. This formation finds practical application in the cooling of an 
extruded plate in a hot rolling process and used as a base line data in the designing system for this kind of model. 
2. Formulation of the Problem 
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            Fig.1a. Schematic configuration 
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Fig. 1b. Comparision of present results with Basak and Chamkha [2] for nanofluid ()  and base fluid (}), Ra=104 
 
Consider unsteady, laminar, incompressible and mixed convective flow in a square enclosure of width L 
and height H. Presenting an incessantly moving flat plate materializing from a channel at a consistent velocity U0 
and at temperature Th, which divides the square enclosure into two equal bisects. The enclosure is filled with Cu-
water nanofluid and saturated with porous medium of uniform porosity and permeability, isotropic which generates 
heat at a uniform rate. The vertical walls of the enclosure are maintained at uniform temperature Tc and the 
horizontal walls are thermally insulated. The Darcy- Brinkman- Forchheimer extended model is used to model the 
porous medium in the present study. In porous medium, the Local Thermal Equilibrium (LTE) property is applicable 
and neglecting velocity square term in momentum equations since the problem is treated with the mixed convection 
ﬂow in an enclosure ﬁlled with a saturated porous medium [7]. All the properties of the fluid are assumed to be 
constant except the density, which changes linearly with temperature in the buoyancy term of the momentum 
equation, which is treated by Boussinesq approximation. Further the heat generation, viscous dissipation and the 
heat transfer by radiation effects are negligible in this investigation. 
 
Under the above considerations, the dimensionless governing equations of mass, momentum and energy of 
the system are followed by momentum and energy of the system are followed by 
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Where the  non-dimensional parameters are defined in the following forms,  
 
 
 
                Appearing in above equations, Fc=(1.75/150H2) is Forchheimer coefficient, Da=k/L2  is Darcy number, 
Re=U0L/Qf is Reynolds number, Gr=gE(Th-Tc)L3/Qf2 is Grashof number, Pr =Qf/Df is Prandtl number and Ri=Gr/Re2 
is Richardson number. 
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Under consideration, the dimensionless form of initial and boundary conditions can be written as, 
 
 
 
 
 
 
 
   Thermo physical properties of Cu-water nanofluids like effective density, thermal diffusivity, heat capacitance and 
thermal expansion coefficient of nanofluids are given by 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to the Brinkmann model [13], the effective dynamic viscosity of the nanofluid is agreed by 
 
 
The thermal conductivity of the nano ﬂuid, is modeled by Maxwell-Garnett Model [14] as 
 
 
 
 
The average Nusselt number at the heated wall is calculated by integrating the local Nusselt number (Nu) is given 
by 
                                                                                
 
The local Nusselt number is defined as 
                                                       
 
 
 
 
Re Present 
Result 
Sharif [8] Waheed [9] Khanafer & Chamkha 
[10] 
Iwatsu [11] Cheng [12] 
1 1.000257     - 1.00033    -    -      -     
100 2.005621     - 2.03116 2.01 1.94      - 
400 3.812670 4.05 4.02462 3.91 3.84 4.14 
500 4.42041      - 4.52671     -     -      - 
1000 6.298720 6.55 6.48423  6.33 6.33 6.73 
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Table 1. Comparison of computed average Nusselt number values of present work at the top surface with fixed Grashof 
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1
0
nf
f
k
Nu Nu dX
k
  ³
2.5/ (1 )nf fP P M 
2 2 ( )
2 ( )
nf p f f p
f p f f p
k k k k k
k k k k k
M
M
     
,         .nf
f
where n denotes the normal direction on
k
Nu
k y
a planeTw  w
283 Nithyadevi Nagarajan and Shamadhanibegum Akbar /  Procedia Engineering  127 ( 2015 )  279 – 286 
 
 
 
 
 
Fig. 2. Streamlines and isotherms for different convection regime (Ri) for Da =0. 1.( base fluid  by solidlines(       )  and  dashed lines (      ) for 
nanofluid ). 
 
3. Method of Solution and Code Validation: 
In the current investigation, the dimensionless governing equations are discretized by using FVM method [15] 
and the SIMPLE algorithm is used to couple the pressure and velocity using under-relaxation technique with power-
law scheme. The time step is taken to 10-5 for all computations. Uniform grid size 81u81 is taken to acquire the great 
accuracy in a numerical solution. An iterative process is utilized to find the velocity fields, stream function and 
temperature fields. The convergence process is continued till 
 
 
 
 
      The exactness of the present numerical code and procedure was checked with some graphical results of Basak 
and Chamkha [2] in Figure 1b and the solution of Iwatsu et al [11] in the absence of porous medium. A fair degree 
of accuracy can be seen in graphs, also between the present computed average Nusselt number values in (Table 1). 
 
 
 
 
 
4. Results and Discussion: 
 
This section describes, the numerical results for the mixed convection heat transfer in a square enclosure 
filled with fluid saturated porous medium by using copper-water nanofluid are explained. Under the mathematical 
model’s consideration, the problem is governed by the effects of pertinent parameters such as Richardson number  
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Fig. 3. Streamlines and isotherms for different Darcy number for Ri =1.0 .( base fluid  by solidlines(       )  and  dashed lines (      ) for nanofluid ). 
 
(Ri), Darcy number (Da) and solid volume fraction (M) of the nanoparticle on the fluid flow and heat transfer inside 
the enclosure are investigated. The results are offered in the three different convection regimes namely forced 
convection (Re=100), mixed convection (Ri=1&10) and pure convection (Ra=105). The Darcy number is taken over 
a range of 10-3 to f, Da=f means the nonexistence of porous medium. The porosity value H=0.9 is fixed throughout 
this study. 
 
             Figure 2 depicts the shear driven flow and heat transfer attributes for the various convection regime, for the 
fixed Darcy effect Da=0.1 and the enclosure is filled the base fluid (solid line) and copper nanofluid (dashed line) 
with M=0.1.  Here the graphs in the forced convection and natural convection regimes are presented for the 
comparison intention with the graphs in mixed convection regime. The basic flow structure has a pair of 
anticlockwise cells at the upper and lower half of the enclosure and the cells are accumulating at the centre due to 
the driving mechanism of the mid moving plate at Re=100. For the low Richardson number, the flow is 
homogeneous with the forced convection one. Enhancing buoyancy force results the formation of positive secondary 
cells at the left top and bottom corners of the enclosure. At the natural convection regime, the strong dual cell 
equally shares the upper half of the enclosure and the weak cells are placing at the lower half of the enclosure due to 
the dominating buoyancy force. Increasing Richardson number results the convection vigorous its strength. 
 
           Effect of Darcy number in the enclosure filled nanofluid is plotted in Fig.3 at the mixed convection regime 
Ri=1. In the beginning, the absence of Darcy effect (Da=f) pointing that the existence of dual cells with weak 
circulations and observed the dominating convection mode of heat transfer in enclosure. When the Darcy number 
starts to decrease, the magnitude of the stream function diminishes and core cells are elongated near the moving 
plate of the enclosure. This is connected with the reason of reducing permeability of the porous medium, controls 
the fluid flow through porous medium. Also, the conduction mode prevails for the Darcy number Da=0.001 due to 
the high flow resistance in porous bed. 
 
           Evaluating heat transfer rate over the heated wall of the enclosure is most important part of this problem 
which is applicable in many engineering fields. The average heat transfer rate is calculated over the various solid 
volume fractions for different convection regime and Darcy number in Fig.4. Enhancing solid volume fraction 
results the augmenting heat transfer rate for all the convection regime and Darcy number. The high heat transfer  
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rate occurs at the forced convection regime due to the dominated shear force and the low buoyancy force produces 
the less heating rate at the natural convection regime in Fig. 4(a). The maximum heat transfer rate comes about the 
absence of Darcy effect and minimum one is at Da=0.001 by the nature of low permeability in porous medium in 
Fig. 4(b). 
 
        To measure the strength of the flow within the enclosure, the horizontal velocity profiles are designed at the 
mid-section of the enclosure for various convection regime and Darcy number in Fig. 5. Fig 5(a) is drawn for 
Da=0.1 and M=0.1, the augmenting Richardson number stimulates the flow and the high flow velocity is obtained 
for the natural convection regime due to the leading buoyancy force. Figure 5(b) is drawn at the mixed convection 
regime (Ri=10) for the solid volume fraction M=0.1. It is observed that, the decreasing Da be a sign of depression on 
the flow by the nature that the permeability of porous bed has the ability to decelerate the moment of fluid particle.  
 
4. Conclusion: 
Systematic numerical simulations of mixed convection flow induced by a continuously moving hot plate 
through the mid-section of the fluid saturated porous enclosure by using copper-water nanofluid are performed to 
(a)                                                                                                         (b) 
Fig. 4. Average Nusselt number for various  (a) Convection regime (b) Darcy number 
                         (a)                                                                                                     (b) 
Fig. 5. Horizontal velocities  for various  (a) Convection regime (b) Darcy number 
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characterize the flow and heat transfer behaviours are reported in this study. Fluid velocity and heat transfer 
characteristics are mainly pretentious by the flow controlling parameters Ri, Da. The considerable revelation of 
conduction is established by the presence of porous medium. The average Nusselt number enhances for the 
augmenting Richardson number and the lessen Darcy number. 
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